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The topic of calcite and aragonite polymorphism attracts enormous
interest from fields including biomineralization and paleogeochem-
istry. While aragonite is only slightly less thermodynamically stable
than calcite under ambient conditions, it typically only forms as a
minor product in additive-free solutions at room temperature.
However, aragonite is an abundant biomineral, and certain organ-
isms can selectively generate calcite and aragonite. This fascinating
behavior has been the focus of decades of research, where this has
been driven by a search for specific organic macromolecules that can
generate these polymorphs. However, despite these efforts, we still
have a poor understanding of how organisms achieve such selec-
tivity. In this work, we consider an alternative possibility and explore
whether the confined volumes in which all biomineralization occurs
could also influence polymorph. Calcium carbonate was precipitated
within the cylindrical pores of track-etched membranes, where these
enabled us to systematically investigate the relationship between
the membrane pore diameter and polymorph formation. Aragonite
was obtained in increasing quantities as the pore size was reduced,
such that oriented single crystals of aragonite were the sole product
from additive-free solutions in 25-nm pores and significant quanti-
ties of aragonite formed in pores as large as 200 nm in the presence
of low concentrations of magnesium and sulfate ions. This effect can
be attributed to the effect of the pore size on the ion distribution,
which becomes of increasing importance in small pores. These
intriguing results suggest that organisms may exploit confinement
effects to gain control over crystal polymorph.
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Biominerals provide a wonderful demonstration of the extentto which crystallization processes may be controlled (1).
However, while many of the general strategies that organisms use
to control biomineralization are known (2), the mechanisms used
to achieve control over polymorph remain unclear. From the
outset of the field of biomineralization, researchers have isolated
proteins entrapped within calcite and aragonite biominerals, with
the expectation that these would enable polymorph control.
However, despite a few isolated reports (3), it appears that the
mechanism is not so simple. There are also few examples of syn-
thetic organic additives which induce aragonite precipitation at
room temperature in the absence of magnesium ions (4–6).
Nevertheless, there is a general strategy that reproducibly
generates aragonite in the presence of organic additives: in-
soluble organic matrices containing soluble additives. Aragonite
has been precipitated within cross-linked collagen films in the
presence of poly(aspartic acid) and poly(glutamic acid) (7), and
within reacetylated chitosan thin films (8) and poly(vinyl alcohol)
matrices in the presence of poly(acrylic acid) (PAA) (9, 10). A
more elaborate scaffold mimicking the organic matrix in which
nacre forms was also created from β-chitin, silk fibroin, and
macromolecules extracted from the aragonitic or calcitic layers of
a mollusk; aragonite or calcite precipitated according to whether
the macromolecules had been extracted from the aragonite or
calcite biomineral, respectively (11). Finally, the acidic matrix
protein Pif promoted aragonite precipitation between a chitin
membrane and glass slide (12).
Common to all of the above systems is that the crystals form in
defined microenvironments rather than in bulk solution, which is a
feature that is intrinsic to all biomineralization processes. However,
their complexity makes it difficult to investigate the factors that give
rise to aragonite formation, and the role played by confinement. The
work described here employs a simple system—crystallization within
the cylindrical pores of track-etched (TE) membranes—to systematically
investigate how confinement influences calcium carbonate polymorph.
Our data show that aragonite forms in increasing quantities as the
pore size decreases, and that low concentrations of magnesium and
sulfate ions support the formation of pure aragonite in larger pore
sizes than under additive-free conditions. Magnesium and sulfate
ions are significant components of the seawater in which many
biomineralizing organisms live and promote aragonite formation
(13–15). It would hence be surprising if these ions do not contribute
to aragonite formation in vivo (16).
That significant quantities of aragonite are formed in pores as
large as 200 nm when magnesium and sulfate ions are present is
also of direct relevance to calcium carbonate biomineralization,
where organisms such as mollusks and coccoliths can generate
nanosized CaCO3; pteropods form beautiful shells comprising
curved aragonite nanofibers 50–500 nm thick (17), while
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holococcoliths comprise nanosized calcite crystallites (18). Our
results therefore suggest that the privileged environments in
which biominerals form may play a key role in controlling crys-
tallization, where they may act in combination with organic
macromolecules and inorganic ions to enable polymorph selec-
tion. They are also of significance to naturally occurring micro-
porous geological materials such as shales and clays (19), where
nanoscale pores can support precipitation reactions that do not
occur in bulk (20).
Results
Experiments were initially performed in bulk solution to identify
the SO4
2− and Mg2+ concentrations that promote low levels of
aragonite. These biologically relevant conditions were then used
to determine if confinement can drive aragonite formation. The
results obtained in the bulk solution experiments are summa-
rized in Tables 1 and 2 and SI Appendix, Fig. S1, where the
polymorphs present were quantified using powder X-ray dif-
fraction (XRD). Additional characterization was carried out
using SEM and Raman microscopy (SI Appendix, Fig. S2) and
typical morphologies for magnesian calcite, aragonite, and
vaterite were observed in all cases. Calcite formed in additive-
free solutions at [Ca2+] = [CO3
2−] = 1.5 mM, while addition of
magnesium at [Ca2+]:[Mg2+] = 1:1 gave a very small increase in
aragonite to levels of 2%. In keeping with the literature, addition
of SO4
2− enhanced the ability of Mg2+ to promote arago-
nite formation at low supersaturations, such that 7% ara-
gonite formed at [Ca2+]:[Mg2+]:[SO4
2−] = 1:2:1 (15). A clear
effect of the solution supersaturation was also seen such that at
[Ca2+]:[Mg2+]:[SO4
2−] = 1:2:1, 11% aragonite formed at [Ca2+] =
[CO3
2−] = 0.75 mM, 7% at [Ca2+] = [CO3
2−] = 1.5 mM, and none at
[Ca2+] = [CO3
2−] = 2.5 mM (Table 2 and SI Appendix, Fig. S1).
Calcium carbonate was then precipitated within TE membranes
with 1,200-, 800-, 200-, 50-, and 25-nm pores. Membranes were
placed between two half U-tube arms, one of which was filled with
a solution of CaCl2 and MgCl2, and the other with a solution of
Na2CO3 and Na2SO4 (21). Counterdiffusion then leads to CaCO3
precipitation within the pores. No pressure is applied to the system
and the pressure within the pores is identical to that in the reser-
voirs. As typical results from our “standard” experimental conditions
of [Ca2+] = [CO3
2−] = 1.5 mM and [Ca2+]:[Mg2+]:[SO4
2−] = 1:2:1,
rod-shaped crystals with lengths of up to 15 μm (comparable to the
membrane thickness of ∼20 μm) formed in the membrane pores
(Fig. 1 and SI Appendix, Fig. S3). Rods isolated from the smaller
pores tended to be shorter, likely due to breakage of the more
fragile, thinner rods during isolation from the membrane.
Investigation of the effects of confinement on the polymorphs of
the intramembrane crystals precipitated under these standard
conditions yielded fascinating results. Powder XRD showed that
the crystals formed within the 1,200-nm pores were almost entirely
calcite (97% calcite and 3% aragonite), in common with bulk so-
lution, while the crystals formed in the 800-nm pores were 81%
calcite and 19% aragonite (Fig. 2, Table 1, and SI Appendix, Fig.
S4). Further reduction in the pore size to 200 nm significantly in-
creased the proportion of aragonite to 69%. Polymorph analysis of
the crystals formed in smaller pores (50 and 25 nm) was conducted
using synchrotron microbeam XRD and electron diffraction as too
little material was available for laboratory powder XRD, and ara-
gonite was the only polymorph identified in the 50-nm and 25-nm
pores (Fig. 2). Aragonite was therefore promoted in pores of size
800 nm and smaller in the presence of both Mg2+ and SO4
2−.
Individual rods grown in the 200-, 50-, and 25-nm pores were also
investigated using selected area electron diffraction (SAED) to
determine their single crystal/polycrystalline structures and to identify
Table 1. Summary of the CaCO3 polymorphs precipitated in bulk solution and within the TE membrane pores at the
indicated reaction conditions
Pore size
Solution conditions Bulk 1,200 nm 800 nm 200 nm 50 nm 25 nm
[Ca2+] = [CO3
2−] = 1.5 mM 7% A 3% A 19% A 69% A 100% A 100% A
[Ca2+]:[Mg2+]:[SO4
2−] = 1:2:1 93% C 97% C 81% C 31% C ∼50% c-oriented ∼100% c-oriented
Standard conditions 0% V 0% V 0% V 0% V Approaching single crystal A Single crystal A
Poly- A
[Ca2+] = [CO3
2−] = [Mg2+] = 1.5 mM 2% A 1% A 4% A 32% A 100% A 100% A
No SO4
2− 98% C 97% C 96% C 68% C ∼50% c-oriented ∼80% c-oriented
0% V 2% V 0% V 0% V Approaching single crystal A Single crystal A
[Ca2+] = [CO3
2−] = 1.5 mM 0% A 1% A 3% A 8% A 47% A 53% C 0% V 100% A
No Mg2+ or SO4
2− 100% C 98% C 96% C 92% C Single crystal A ∼90% c-oriented
0% V 1% V 1% V 0% V Single crystal A
A, aragonite; C, calcite; Poly-, polycrystalline; V, vaterite.
Table 2. Summary of the CaCO3 polymorphs precipitated in bulk solution and within the TE membrane pores with varied
supersaturations at the standard condition, [Ca2+]:[Mg2+]:[SO4
2−] = 1:2:1
Pore size
[Ca2+] = [CO3
2−] = 0.75 mM [Ca2+] = [CO3
2−] = 1.5 mM [Ca2+] = [CO3
2−] = 2.5 mM
[Ca2+]:[Mg2+]:[SO4
2−] = 1:2:1 [Ca2+]:[Mg2+]:[SO4
2−] = 1:2:1 [Ca2+]:[Mg2+]:[SO4
2−] = 1:2:1
Bulk 11% A; 89% C; 0% V 7% A; 93% C; 0% V 0% A; 71% C; 29% V
200 nm 72% A; 28% C; 0% V (∼100%
c-orientation single crystal)
69% A; 31% C; 0% V polycrystalline 2% A; 68% C; 30% V
polycrystalline
50 nm 100% A (∼100% in c-orientation
single crystal)
100% A (∼50% c-oriented approaching
single crystal)
64% A; 36% V (∼50%
c-oriented approaching
single crystal)
25 nm — 100% A ∼100% c-oriented single crystal —
A, aragonite; C, calcite; V, vaterite.
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any preferential orientation (larger rods were too thick for SAED)
(Fig. 3). At least 17 rods were characterized in each case. The ara-
gonite crystals grown in the 200-nm pores were clearly polycrystalline
and showed no preferential orientation. Those in the 50-nm pores, in
contrast, were almost single crystals, while the 25-nm rods were in-
distinguishable from single crystals. These aragonite crystals were also
preferentially oriented with their crystallographic c-direction parallel
to the pore axis, such that 50% and 100% of rods in the 50- and
25-nm pores were oriented in this way. Further representative data
and analysis of the SAED patterns are given in SI Appendix, Figs. S5
and S6. It is noted that some crystals also precipitate on the mem-
brane surface, providing an internal “control.” In all cases these were
principally calcite, with a small percentage of vaterite.
The effect of the Ca2+ concentration was then studied by
varying this parameter while holding the [Ca2+]:[Mg2+]:[SO4
2−]
ratio at 1:2:1 (Fig. 4, Table 2, and SI Appendix, Fig. S4). Com-
parable levels of aragonite were observed at [Ca2+] = [CO3
2−] =
0.75 mM as under the standard conditions in the 200-nm (∼70%)
and 50-nm pores (100%), but both pore sizes now supported the
formation of single crystals (Fig. 4). All of the aragonite rods in
the 50-nm pores were also c-oriented compared with 50% under
the standard conditions. The rods produced at [Ca2+] = 2.5 mM,
in contrast, were only 2% aragonite in the 200-nm pores and 64%
in the 50-nm pores, where only 50% of the latter were c-oriented.
These experiments thus follow the same trend as the bulk exper-
iments with aragonite being favored at lower supersaturations.
Experiments were also conducted to explore the individual
effects of Mg2+ and SO4
2− ions (Table 1 and SI Appendix, Fig.
S4). Looking first at the effect of SO4
2−, its elimination from the
standard conditions caused a reduction in the amount of ara-
gonite from 7 to 2% in bulk solution (SI Appendix, Fig. S1). In
the equivalent membrane-based experiments, little aragonite
formed in the 1,200- and 800-nm pores, while 32% aragonite
formed in the 200-nm pores, compared with 69% under the
standard conditions. With further reduction in the pore size to
50 nm all of the particles characterized approached single-crystal
aragonite (SI Appendix, Fig. S6). Single-crystal rods of aragonite
formed in the most confined environment of the 25-nm pores
(Fig. 5 and SI Appendix, Fig. S5). Therefore, when just Mg2+
were present, it was not until the pores decreased in size to
200 nm that a change in the calcite/aragonite ratio was observed.
Finally, experiments were conducted in the absence of both
Mg2+ and SO4
2−. Very little aragonite formed in the 1,200- and
800-nm pores and just 8% in the 200-nm pores (Table 1 and SI
Appendix, Fig. S4), and a significant increase to 47% was recorded
in the 50-nm pores (SI Appendix, Fig. S7). Precipitation within the
25-nm pores, however, yielded a most unexpected result: Arago-
nite single crystals formed in the absence of any additives in these
very small pores (Fig. 5 and SI Appendix, Fig. S5). All of the rods
examined were aragonite and ∼90% were oriented with the
crystallographic c-axis parallel to the long axis of the pore.
Discussion
We have previously shown that TE membranes provide a ver-
satile means of studying the effects of confinement on the poly-
morph, orientation, and single-crystal/polycrystalline structure of
inorganic crystals (21–26). Briefly reviewing these studies, our
early work employed pores as small as 200 nm and used low
temperatures and 100 mM CaCl2 and Na2CO3 solutions to gen-
erate single crystals of calcite via an amorphous calcium carbonate
(ACC) precursor phase (22, 23). A later study induced CaCO3
precipitation in 200-nm pores in the absence of ACC using the
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Fig. 1. Calcium carbonate crystals precipitated within membrane pores
under reaction conditions of [Ca2+] = [CO3
2−] = 1.5 mM and [Ca2+]:[Mg2+]:
[SO4
2−] = 1:2:1. (A and B) SEM and TEM images of crystal rods isolated from
200-nm pore membranes. (C and D) TEM images of the crystal rods isolated
from 50- and 25-nm pore membranes. (E and F) SEM images of the anion
side of the membrane with 200- and 50-nm pores.
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Fig. 2. XRD spectra showing the increase in the proportion of aragonite
formed as the pore size reduces for crystals precipitated under conditions [Ca2+]=
[CO3
2−] = 1.5 mM and [Ca2+]:[Mg2+]:[SO4
2−] = 1:2:1. Slight shift of calcite reflec-
tions was due to Mg incorporation in calcite. A, aragonite; C, calcite.
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ammonia diffusion method and 10 mM CaCl2 solutions (21).
There, membranes were sourced from different manufacturers
and generated either single-crystal calcite or vaterite rods under
conditions where calcite precipitated in bulk solution. That article
also provided a detailed characterization of the surface chemistry
and topography of the membranes using methods including IR
spectroscopy, X-ray photoelectron spectroscopy, Brunauer–Emmett–
Teller surface area analysis, and atomic force microscopy and
showed that the vast majority of the carbon atoms on the surfaces
of the membranes were bound in aryl rings and aliphatic chains as
expected for polycarbonate. Finally, we showed that the polyelectrolyte
PAA can facilitate infiltration of ACC into 100-nm pores, leading
to the generation of high-aspect-ratio calcite single crystals (26). It
is also noted that there is one report of the precipitation of ara-
gonite nanoparticles within the peptide-functionalized pores of
anodic alumina membranes (27). However, as such membranes
gradually dissolve in alkaline solutions, releasing aluminum com-
plexes (28), the formation of aragonite cannot be clearly attributed
to confinement effects.
Our current results demonstrate that confinement can pro-
mote the formation of aragonite such that 47% and 100% of the
crystals precipitated in 50-nm and 25-nm pores were aragonite
under additive-free conditions. This effect is enhanced in the
presence of low concentrations of Mg2+ and SO4
2−, where 8% of
the crystals formed in 200-nm pores under conditions [Ca2+] =
[CO3
2−] = 1.5 mM were aragonite compared with 32%
when Mg2+ ions were also present. Addition of further Mg2+ and
SO4
2− enhanced this effect yet further, delivering 69% aragonite.
What then are the origins of these effects? Calcite/aragonite
polymorphism is a complex problem that has challenged re-
searchers for decades. The production of these mineral phases
from solution is dependent on kinetics as well as thermodynamics
(29), and thus on variables including temperature, supersatura-
tion, and the presence of additives. While aragonite is only slightly
less thermodynamically stable than calcite at room temperature, it
typically only appears as a minor product on precipitation from
additive-free solutions at room temperature. The proportion of
aragonite increases significantly as the temperature is raised to-
ward 100 °C, even though its stability with respect to calcite does
not increase in this temperature regime (30, 31), where this is
indicative of changes in the relative rates of nucleation and
growth. For both polymorphs, nucleation and growth processes
are obstructed by water molecules solvating the cations, which may
be more significant for the denser aragonite structure (32). En-
vironments which offer reduced levels of hydration or facilitate
dehydration (such as higher temperatures or solutions with de-
creasing dielectric constants) may thus favor aragonite (33, 34).
Given that aragonite is so difficult to precipitate as a major
product in bulk solution under additive-free conditions at room
temperature it is striking that many systems that offer localized
environments including collagen (7) and silica gels (35) and
polymer thin films (8, 10) can deliver high proportions of arago-
nite. An apparently universal effect of confinement is that it in-
creases induction times; as nucleation is a stochastic phenomenon,
a reduction in the number of available ions and the elimination of
advection and convection reduces the probability of nucleation
(36). This is most significant for the thermodynamically favored
phase (here calcite) and leads to the formation and stabilization
of metastable phases as precursors to the final phase (37–47).
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Fig. 3. TEM images (A–C) and corresponding electron diffraction patterns
(D–F) of rods precipitated from solutions of composition [Ca2+] = [CO3
2−] =
1.5 mM and [Ca2+]:[Mg2+]:[SO4
2−] = 1:2:1 within (A) 200-nm, (B) 50-nm, and
(C) 25-nm pores. All patterns are indexed to aragonite.
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Fig. 4. Influence of the calcium ion concentration on crystals precipitated
within 200-nm and 50-nm membrane pores under reaction conditions of
[Ca2+]:[Mg2+]:[SO4
2−] = 1:2:1. SAED patterns and corresponding TEM images
(insets) of the polymorphs indicated are shown, together with the abun-
dance of each polymorph under the given reaction conditions. The lowest
supersaturation gives rise to single-crystal aragonite in both the 50-nm and
200-nm pores. (Scale bars: 100 nm.)
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However, this effect cannot explain the generation of aragonite as
it is seldom seen as a precursor to calcite (48).
Confinement also affects ion transport such that diffusion is
the sole mechanism in small pores. The diffusion coefficients of
water and ions can vary in small pores, but this only occurs in
pores of a few nanometers in diameter (49). Analysis of calcium
carbonate precipitation within silica gels has demonstrated that
diffusion leads to an evolving supersaturation profile, and crys-
tals with different morphologies and polymorphs form at dif-
ferent times and locations in the gel. These are in turn associated
with different threshold supersaturations, which are defined by
the rate of change of supersaturation (35, 50).
The possibility that comparable effects give rise to aragonite
formation in the membrane pores was therefore explored. Dif-
fusion of ions through the membrane pores was modeled using
the diffusion equation to determine how the supersaturation
profile changed over time. Boundary conditions along the pore
wall were chosen to reflect no ion transport across the wall with
no other ion–surface interactions present. This showed that the
calcium and carbonate solutions were fully mixed in under 0.1 s
(SI Appendix, Fig. S8), where mixing is rapid due to the short
(20 μm) length of the pore. The formation of aragonite cannot
therefore be attributed to an evolving supersaturation profile.
None of the above factors takes into account the potential in-
fluence of the membrane surface on crystal nucleation. We
therefore analyzed our data in light of this possibility to explore
the relationship between the aragonite percentage and the pore
diameter. A graph of the aragonite percentage versus the inverse
of the pore diameter (Fig. 6) reveals a linear relationship between
these quantities. Admittedly, the number of data points is small
and we make no quantitative claims about the significance of the
slopes. Nevertheless, a linear relationship is to be expected if the
number of aragonite nucleation sites is proportional to the surface
area (d2), while the amount of CaCO3 is proportional to volume
(d3) and the crystal growth rate is constant. Thus, as the surface
increases in importance relative to the bulk with the degree of
confinement, the proportion of aragonite increases.
It is also noted that the distribution of ions adjacent to a
charged membrane surface can differ significantly in a membrane
pore compared with a planar surface. This has been discussed in
several theoretical/simulation papers (51–53), and the results show
that there may be a nonmonotonic ion concentration profile away
from the pore surface, particularly for divalent ions, unlike the
case for a planar surface. The pores in track-etch membranes are
negatively charged independent of the pore diameter (54), and
under some circumstances an enhanced coion (carbonate ion)
concentration toward the center of the pore may result. Such
changes in ion concentration may influence polymorph formation,
where it has been suggested that higher concentrations of carbonate
promote aragonite formation (55). This is further supported by
numerical simulations which predict lower ion activity coefficients
adjacent to a charged membrane surface, and thus preferential
formation of crystals in the center of pores (56). Unfortunately, it is
not currently possible to measure the ionic profiles next to a charged
surface in submicron pores. Theory/simulations therefore provide
our only window into these effects.
Our results hence show that the formation of aragonite in
small volumes is intimately linked to the properties of the con-
fining surface, where a surface-induced alteration of the local
ionic environment may stabilize aragonite with respect to calcite.
That calcite is precipitated on the outer surfaces of the membranes
at the same time that aragonite precipitates within the pores ad-
ditionally indicates that the highly controlled environments of the
membrane pores—in which diffusion dominates as the transport
mechanism—are vital to the generation of local solution conditions
that favor aragonite over calcite.
Conclusions
This study demonstrates that confinement can promote the for-
mation of aragonite. Oriented single crystals of aragonite formed
in 25-nm pores of TE membranes, while low concentrations of
Mg2+ and SO4
2− ions supported the formation of significant
quantities of aragonite in pores as large as 200 nm. Analysis of ion
diffusion through the pores and determination of the relationship
between the pore diameter and polymorph formation suggests
that this behavior derives from the modified ionic environment
adjacent to the pore surfaces. These results are of particular sig-
nificance to calcium carbonate biomineralization, which invariably
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Fig. 6. Percentage aragonite precipitated in pores of diameter d against 1/d at
[CaCO3] = 1.5 mM with and without additives as listed Table 1. The lines are
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occurs in privileged environments bounded by organic matrices
(1). Confinement effects may enhance the influence of such organic
frameworks on crystallization, enabling organisms to achieve superior
control over characteristics such as polymorph or orientation.
Well-defined confined systems including liposomes (41) and
microfluidic devices (57–60) therefore provide unique opportunities
for studying such effects and could ultimately enable us to build
an enhanced understanding of the factors which govern calcite/
aragonite polymorphism.
Materials and Methods
Full details of the materials and methods are given in SI Appendix. Briefly,
CaCO3 was precipitated within porous TE membranes by placing a mem-
brane between two half U-tube arms and filling one with a solution of CaCl2
and MgCl2 and the other with a solution of Na2CO3 and Na2SO4. The pre-
cipitated CaCO3 was then isolated by dissolution of the membranes in
dichloromethane. Experiments were performed in the presence and absence
of Mg2+ and SO4
2− ions and were compared with control experiments performed
in bulk solution. The crystals were characterized using techniques including
transmission electron microscopy (TEM), electron diffraction, powder XRD,
and Raman spectroscopy.
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